The major classes of chemicals and brain pathways involved in sexual arousal in mammals are well studied and are thought to be of an ancient, evolutionarily conserved origin. Here we discuss what is known of these neurochemicals and brain circuits in fishes, the oldest and most species-rich group of vertebrates from which tetrapods arose over 350 million years ago. Highlighted are case studies in vocal species where welldelineated sensory and motor pathways underlying reproductive-related behaviors illustrate the diversity and evolution of brain mechanisms driving sexual motivation between (and within) sexes. Also discussed are evolutionary insights from the neurobiology and reproductive behavior of elasmobranch fishes, the most ancient lineage of jawed vertebrates, which are remarkably similar in their reproductive biology to terrestrial mammals.
midbrain periaqueductal gray, the nucleus of the solitary tract and area postrema in the caudal medulla, and the central gray of the spinal cord (Nieuwenhuys et al., 1988) . The core-paracore regions also include the essential nodes of a proposed "social behavior network" for vertebrates (Goodson, 2005; Newman, 1999) . In sum, this highly conserved area of the vertebrate brain suggests its key role in survival by modulating brain arousal to affect behavior in an adaptive fashion, including daily and seasonal extremes in activity.
The motivation to reproduce, i.e., sexual arousal, activates physiological processes that can eventually lead to sexual behavior, inclusive of hormonal, genetic and neural-dependent mechanisms (Schober and Pfaff, 2007) . The major premise of this article is not to re-review activational effects of steroid hormones or peptides on reproductive behavior in fishes (e.g., Bass and Forlano, 2008; Godwin, 2010; Oliveira and Gonçalves, 2008) , but rather to highlight examples where the neurochemically-rich core of the central nervous system interacts with specific sensory and motor systems underlying reproductively motivated behaviors. We focus our discussion on two groups of fishes, teleosts and elasmobranchs. Jawed vertebrates include bony and cartilaginous fishes ( Fig. 1) (Nelson, 2006) . Bony fishes are divided into two major clades, Actinopterygii and Sarcopterygii. The majority of actinopterygians are teleosts, the largest group of living vertebrates with at least 30,000 species, and the principal focus of this review. Sarcopterygians include lungfish (Dipnoi), coelacanths (Coelacanthimorpha, Latimeria), and tetrapods (we are all fishes!) (Fig. 1) . The more basal cartilaginous fishes (Chondrichthyes) include holocephalans (chimaeras/ ratfish) and elasmobranchs (sharks, skates and rays).
What is known of the neural circuitry of "sexual arousal" in fishes?
Connectivity, neurochemistry and function of the POA/anterior hypothalamus
The POA and anterior hypothalamus, neurochemical "core" areas essential for the control of reproductive physiology and hence behavior in all vertebrates, show a highly conserved pattern of anatomical organization (Butler and Hodos, 2005; Meek and Nieuwenhuys, 1998) . The POA and anterior hypothalamus can be viewed as one functional unit, the POA, because of their shared developmental origin (Puelles, 2001) and obvious homologies between neuropeptide-containing cell groups in the POA of teleosts (e.g., see Goodson et al., 2003) and the anterior hypothalamus of tetrapods (e.g., the paraventricular and supraoptic nuclei) (see Bass and Forlano, 2008 for further discussion).
The role of the POA in brain and behavioral arousal is exemplified by its role as a sensorimotor integration center. Its motor outputs include connections with both the somatic and visceral motor systems (Fig. 2) . The POA's effect on homeostatic function is enhanced by way of central visceromotor innervation of autonomic ganglia that project to either glands (including the adrenal medulla, a modified autonomic ganglion) or the visceral smooth muscle of multiple organ systems. The POA's pervasive influence on neuroendocrine function is achieved, in part, via its control over the release of several peptides from the anterior pituitary and of arginine vasotocin and isotocin (AVT/IT; arginine vasopression/oxytocin in mammals) from the posterior pituitary. Unlike the majority of vertebrates that have a blood portal system linking POA gonadotropin-releasing hormone (GnRH) neurons and the anterior pituitary, the GnRH POA neurons in teleosts directly innervate the pituitary (Peter and Fryer, 1983) . This direct pathway may be a neuro-hormonal adaptation among teleosts allowing for rapid shifts in reproductive function (see Bass and Forlano, 2008 for more discussion). For instance, in the cichlid fish Astatotilapia burtoni, socially dominant territorial males are the only ones that reproduce. When given the opportunity to become dominant, a subordinate male will rapidly (within minutes) change its behavior. Within 30 minutes, neurons show an upregulation of the immediate early gene egr-1 in POA areas of high GnRH-1 expression (Burmeister et al., 2005) . The physiological properties of GnRH neurons are also significantly different between territorial males and non-territorial males, which likely translates into less gonadotropin release in non-territorial males (Greenwood and Fernald, 2004) . The reader is referred to Bass and Grober (2009) for a recent discussion of the diversity in organization of the POA in relation to the remarkable range of reproductive plasticity exhibited by teleost fishes.
The presence of the nonapeptide AVT/AVP in magnocellular and parvocellular neurons of the POA in all vertebrates exemplifies the conserved evolution of the neurochemical core of the brain over the last 500 million years or more. Furthermore, in all jawed vertebrates, neuropeptide-containing neurons in the POA project to similar extrahypothalamic brain regions including the ventral telencephalon, midbrain tegmentum, periaqueductal gray, and viscerosensory areas of the medulla (Goodson and Bass, 2001; Saito et al., 2004) . AVT/AVP is well documented in its role in mediating vertebrate social behavior (Goodson and Bass, 2001) , including AVT manipulations affecting male reproductive displays in teleosts (Carneiro et al., 2003; Salek et al., 2002; Santangelo and Bass, 2010; Semsar and Godwin, 2003; Semsar et al., 2001) . In mammals, male penile erection is regulated by androgenic stimulation of oxytocin neurons in the paraventricular hypothalamus (PVN) (Argiolas and Melis, 2005) . The magnocellular nucleus of the POA in teleosts is thought to be the PVN homologue, in part due to its abundance of AVT/IT neurons (Gilchriest et al., 2000; Kapsimali et al., 2001; see Forlano and Cone, 2007 for further discussion). Like mammals, these large neuroendocrine neurons also project to the spinal cord in teleosts (Demski and Sloan, 1985;  Ma et al. (2010) . Goodson and Bass, 2000b; Gregory and Tweedle, 1985; see Meek and Nieuwenhuys, 1998; Prasada Rao et al., 1987) and therefore may serve to modulate motor behaviors associated with reproduction (e.g., sperm release; Demski and Knigge, 1971) .
There is a large literature on the great diversity and plasticity of hormonal control of reproductive behavior in teleost fishes (see Bass and Grober, 2009; Godwin, 2010; Munakata and Kobayashi, 2010; Oliveira and Gonçalves, 2008) . However, with the exception of vocal fish (see later section), little is currently known about the anatomy and physiology of neural circuitry underlying those behaviors. Many studies highlight the diversity of neuropeptide phenotypes in the POA in relation to male social status and reproductive displays. Generally, territorial, displaying males have more or larger GnRH-immunoreactive (ir) cells, while AVT-ir/mRNA relationships are species-specific (for reviews see Bass and Forlano, 2008; Bass and Grober, 2001; Foran and Bass, 1999; Godwin, 2010; Hofmann, 2006; Oliveira and Gonçalves, 2008; Oliveira et al., 2005) . There are even fewer functional studies of the teleost POA (or other brain areas) in regards to sexually motivated behavior (but see below and discussion on vocal fishes). AVT-ir and GnRH-ir and/or their receptors are also found in peripheral sensory organs and central sensory processing areas (Dewan et al., 2008; Foran et al., 1997; Goodson and Bass, 2000b; Grens et al., 2005; Maruska, 2009; Maruska and Fernald, 2010; Stell et al., 1987) , implicating the role of these neuropeptides in modulating levels of "sensory responsiveness".
Sexual behavior in fishes, like other vertebrates, is often stimulated by olfactory/pheromonal, visual and auditory sensory stimuli or a combination of these cues (for review, see Oliveira and Gonçalves, 2008 ; also see Satou et al. (1994) for visual and vibrational cues in salmon). All of these sensory systems have inputs to the POA in fishes (e.g., Bass et al., 2000; Becerra et al., 1994; Meek and Nieuwenhuys, 1998) , again pointing to the POA as a major central integration site for sensory cues and reproductive behavioral output. Early studies by Demski and Knigge (1971) demonstrated that multiple reproductive behaviors including nest building (sweeping) and courtship circling, and an inhibition of aggression, as well as sperm release could be induced in freely swimming bluegill sunfish by electrical stimulation of the POA. Similar experiments in hime salmon, Onchorhyncus nerka, confirmed the POA as a control center for sexual behavior, both appetitive and spawning . Interestingly, sweeping behavior in bluegill sunfish (Lepomis macrochirus) could be induced in both males and females by stimulation of the central nucleus of the dorsal division of the telencephalon (Dc), even though females never show this behavior in nature. Thus, sex differences in circulating androgens and/or androgen receptor expression in Dc or POA may account for this sexually dimorphic behavior. Autoradiographic studies of bluegill show testosterone-concentrating cells in the POA, but not in Dc (Demski, 1978) . However, more sensitive measures of androgen receptor (AR) binding sites, such as in situ hybridization, might reveal AR mRNA expression in Dc, as has been shown in two other teleost species (Table 1; Forlano et al., 2010; Harbott et al., 2007; Munchrath and Hofmann, 2010) . Interestingly, testosterone-stimulation of the POA in male rodents also evokes nest-building behavior (Fisher, 1956 ).
GnRH in the terminal nerve ganglion
Teleosts have two or three forms of GnRH in three distinct brain areas: the POA which directly controls gonadotropin release from the pituitary, as well as more poorly understood populations in the midbrain tegmentum and ganglion of the terminal nerve (TN), both thought to serve a neuromodulatory role in the brain (review: Kah et al., 2007) . TN neurons are typically clustered near the olfactory bulb-telencephalon junction and have direct projections to both the retina and olfactory epithelium (Demski and Northcutt, 1983; Kah et al., 2007; Schreibman and Margolis-Nunno, 1987) . Oka and Matsushima (1993) characterized the oscillatory-like properties of TN neurons in the dwarf gourami, Colisa lalia, and hypothesized a modulatory role based on the TN's physiological properties and widespread projections throughout the brain, including the olfactory bulbs, optic nerves, hypothalamus, optic tectum, and spinal cord. Lesion of the TN depletes GnRH in the brain and negatively affects the frequency of nest building, a sexually motivated behavior stimulated by the presence of a receptive female (Yamamoto et al., 1995) . In Nile tilapia, Oreochromis niloticus, removal of the olfactory epithelium preferentially decreased nest building behavior as well as the transcripts encoding GnRH-1 (TN) and GnRH-2 (midbrain), probably by interactions with second order olfactory projections (Uchida et al., 2005) . In Japanese medaka, Oryzias latipes, exposure to male visual cues suppressed the electrical activity of female TN GnRH neurons. Interestingly, same sex and olfactory cues in general had no effect on Bass and Forlano, 2008) . The adrenal cortex releases glucocorticoids and mineralcorticoids, while the adrenal medulla releases catecholamines, including epinephrine and norepinephrine. See Bentley (1998) for neurochemical details. Reprinted with permission, Cambridge University press. modulating TN GnRH activity in this species (Ramakrishnan and Wayne, 2009 ).
Olfactory pathways and sexual behavior
A role for pheromones in male and female reproductive behavior has been especially well documented by Stacey, Sorensen and colleagues in goldfish (Carassius auratus) (Kobayashi et al., 2002; Munakata and Kobayashi, 2010; Stacey and Liley, 1974; Stacey and Sorensen, 2002) . Prior to ovulation, females produce a progestin 17α,20β-dihydroxy-4-pregnen-3-one (17,20-P) in the ovarian follicles that induces oocyte maturation. This progestin functions as a "pre-ovulatory pheromone" that induces an LH surge in the male and subsequent chasing behavior (Dulka et al., 1987) . Prostaglandins are produced in the ovary after ovulation and trigger female sexual behavior (e.g., oviposition) that is thought to occur via central mechanisms (likely involving the POA) as injections of the prostaglandin PGF2α in the preoptic recess of the third ventricle of female goldfish effectively trigger this behavior, although the exact mechanism and site of action is unknown (Stacey and Peter, 1979) . While PGF2α is essential for female sexual behavior, estrogens are not. Pharmacological increases or decreases in brain GnRH concentration will enhance and inhibit female spawning behavior, respectively (Volkoff and Peter, 1999) . However, GnRH within the terminal nerve ganglion appears to function as a "potentiator" to facilitate behavior, but is not essential as transection of the terminal nerve within the olfactory tract only increases the behavioral latency (see Munakata and Kobayashi, 2010) . While gonadal steroids do not seem to be necessary for female reproductive behavior, males require androgens (the teleost-specific androgen 11-ketotestosterone/11kT; Bentley, 1998; Borg, 1994) to prime circuitry needed to respond to the female pheromone stimulus. In fact, androgens increase olfactory response in (Forlano et al., 2001 (Forlano et al., , 2010 . z = zebrafish Danio rerio (Gorelick et al., 2008; Menuet et al., 2002 Menuet et al., , 2005 . t = trout, Oncorhyncus mykiss (Menuet et al., 2001 (Menuet et al., , 2003 . a = cichlid, Astatotilapia burtoni (Harbott et al., 2007; Munchrath and Hofmann, 2010) . c = croaker, Micropogonias undulatus (Hawkins et al., 2005) . p = pejerrey, Odontesthes bonariensis (Strobl-Mazzulla et al., 2008) . s = seabass, Dicentrarchus labrax (Muriach et al., 2008a,b) . e = eelpout, Zoarces viviparous (Andreassen et al., 2003) . t = oyster toadfish, Opsanus tau (Fine et al., 1996) . m = mormyrid, Brienomyrus brachistius (Bass et al., 1986) . s = sunfish, Lepomis cyanellus (Morrell et al., 1975) . p = paradise fish, Macropodus opercularis (Davis et al., 1977) . g = goldfish, Carassius auratus (Kim et al., 1978) . x = platyfish, Xiphophorus maculatus (Kim et al., 1979) . NR = not recorded. Aud, Voc = defined auditory and vocal nuclei in midshipman. 1 (Braford, 1995) ; 2 (Bruce and Braford, 2009); 3 (Cerda-Reverter et al., 2003) ; 4 ; 5 (Forlano and Cone, 2007) ; 6 (Gilchriest et al., 2000) ; * 7 (Goodson, 2005) ; 8 (Kapsimali et al., 2001) (Northcutt, 1995) ; 12 (Northcutt, 2006) ; 13 (Northcutt and Braford, 1980 ); 14 (Portavella et al., 2004) ; 15 (Rink and Wullimann, 2001 ); 16 (Wullimann and Mueller, 2004) ; 18 (Yamamoto et al., 2007). males to female pheromone (15K PGF2α) measured by electroolfactogram (Cardwell et al., 1995) . Interestingly, goldfish adults can be behaviorally sex-changed by prostaglandin injection in a male or 11kT implant in a female followed by 15K PGF2α stimulation (Kobayashi et al., 2002) . This example in goldfish, along with nest building in bluegill sunfish (see above), and male-female reversals in sex-changing fishes (see Bass and Grober, 2009 ) implies bisexual circuitry underlying sexual behavior across diverse species that can be simply activated under a sexually dimorphic hormonal or chemical signal (e.g., androgens, prostaglandins).
Teleosts have a direct connection from the olfactory bulb to the POA (anterior parvocellular) and to the catecholamine-rich posterior tuberal nucleus in the caudal diencephalon. Other secondary olfactory terminal fields that are consistent across teleost species include putative homologues of the lateral septum (Vv, ventral nucleus of the ventral division (V) of the telencephalon), amygdala (Vs, supracommisural nucleus of V), and striatum (Vd, dorsal nucleus of V), as well as nucleus taeniae and the piriform cortex homolog (Dp, posterior nucleus of the dorsal division of the telencephalon) (see Meek and Nieuwenhuys, 1998; homologies: Mueller and Wullimann, 2009; Northcutt, 1995 Northcutt, , 2006 Wullimann and Mueller, 2004) . Electrophysiological evidence for the POA as an integration site for olfactory processing in teleosts was demonstrated by the activation of parvocellular POA neurons by electrical stimulation of the olfactory tract in sunfish (Hallowitz et al., 1971) . Studies from a diverse range of species (e.g., catfish, goldfish, cod, weakly electric fish, winter flounder) have demonstrated that olfactory bulbs also receive reciprocal input from the ventral and dorsal posterior telencephalon and from a subset of Dc neurons (Bass, 1981; Levine and Dethier, 1985; Prasada Rao and Finger, 1984; Sas et al., 1993; see Meek and Nieuwenhuys, 1998) . In some species, the POA and monoaminecontaining areas such as the posterior tuberal, locus coeruleus and raphe nuclei were also found to project to the olfactory bulb (Levine and Dethier, 1985; Prasada Rao and Finger, 1984; Sas et al., 1993) . The medial olfactory tract, which projects largely to the ventral telencephalon, includes the projections of the GnRH neurons in the terminal nerve ganglion that are thought to preferentially encode sex pheromones (Demski and Northcutt, 1983; Dulka, 1993; Sorensen et al., 1991) .
Several lesion studies of Vs and/or posterior Vv have substantiated their importance in male courtship and spawning behavior in goldfish and other species (Koyama et al., 1984; . hypothesize that the lesions interfered with critical olfactory (pheromonal) processing necessary for sexual motivation. Anatomical studies have demonstrated reciprocal connections of Vs and the olfactory bulbs, and input to Vs from other olfactory bulb targets (Vv, Vd, POA, posterior tubercle in the diencephalon; Demski and Northcutt, 1983; Meek and Nieuwenhuys, 1998; Shiga et al., 1985a) . It is noteworthy that all of the above mentioned areas are targets of steroid hormone receptor expression and dopaminergic input (see Table 1 , Fig. 3 and below) . In addition, lesions to the anterior POA, and the lateral or medial forebrain bundle greatly impair male sexual behaviors (Koyama et al., 1984) . The POA also receives input from Vv, Vd and diencephalic nuclei including the ventral periventricular hypothalamus (Hv/NLT) and anterior tuberal nucleus (Meek and Nieuwenhuys, 1998; Shiga et al., 1985b) , proposed homologues of the mammalian arcuate and ventromedial hypothalamic nucleus, respectively (Cerda-Reverter et al., 2003; Forlano and Cone, 2007; Goodson, 2005) .
Neurochemical arousal pathways in the "paracore"
The median and laterally positioned "paracore" regions include conserved dopamine, norepinephrine, and serotonin-containing neurons (Nieuwenhuys et al., 1988) , neuromodulators that together with histamine and acetylcholine ascending pathways are known to increase arousal in mammals (Kapp and Cain, 2001 ). The neuroanatomical distribution of these pathways in fishes are well documented across several taxa and in many cases show a conserved pattern with tetrapods ( Fig. 3 ; Kaslin and Panula, 2001; Rodriguez-Moldes et al., 2002a; Smeets and Gonzalez, 2000; Wullimann and Mueller, 2004) . Tract tracing studies in combination with tyrosine hydroxylase immunocytochemistry revealed an ascending activating system projecting from diencephalic posterior tuber neurons to septal and striatal homologues in the ventral telencephalon (Vv/Vd) in zebrafish (Danio rerio) (Rink and Wullimann, 2001) . Other afferents to this area of the ventral telencephalon arise from cell groups known to express serotonin, acetylcholine and histamine (Bellipanni et al., 2002; Clemente et al., 2004; Kah and Chambolle, 1983; Kaslin and Panula, 2001; Margolis-Kazan et al., 1985; Perez et al., 2000) .
In teleosts, a midbrain tegmental population of dopaminergic neurons is missing, but a posterior tuber-Vd pathway is hypothesized to be homologous to the nigro-striatal pathway in mammals since some mammalian dopaminergic (substantia nigra) neurons are found in the embryonic basal diencephalon and, like zebrafish, express the Nurr1 gene and are developmentally regulated by the nr4A2 gene Fig. 3 . Ascending activating systems to the ventral telencephalon in the adult zebrafish brain (modified from Wullimann and Mueller, 2004 ; permission from Wiley-Liss, Inc.). Double-labeling studies identified the posterior tuberculum (PT) to dorsal nucleus of the ventral telencephalon (Vd) projection, proposed as homologous to the meso-striatal pathway in mammals. Cholinergic (superior reticular), serotonergic (superior raphe), and histaminergic (caudal hypothalamic) nuclei require neurochemical confirmation. Ha, habenula; TL, torus longitudinalis; Vs, supracommisural nucleus; Vv ventral nucleus of the ventral telencephalon. (Kapsimali et al., 2001; Luo et al., 2008; Wullimann, 2001, 2002) . Interestingly, cartilaginous fishes (elasmobranchs, e.g., sharks and rays) have both midbrain and posterior tuber dopaminergic groups (Meredith and Smeets, 1987; Stuesse et al., 1990) , suggesting teleosts are exhibiting a derived condition (Wullimann and Mueller, 2004) . In general, the widespread neuroanatomical distribution of tyrosine hydroxylase-ir neuronal groups and fiber projections are well documented in diverse taxa of fishes (for review, see Smeets and Gonzalez, 2000) , and are in large part found in predicted regions that correspond to putative mammalian homologues.
Teleosts contain adrenergic neurons in the locus coeruleus and caudal medulla, and dopaminergic diencephalic populations in the hypothalamus (including POA), ventral medial thalamus and ventral telencephalon (e.g., Filippi et al., 2010; Ma, 2003; McLean and Fetcho, 2004; Rink and Wullimann, 2001; Smeets and Gonzalez, 2000) . Like tetrapods, there is a dense tyrosine hydroxylase-ir somata population in the olfactory bulbs and retina as well as robust fibers within sensory integration centers such as the optic tectum and the olfactoryrecipient posterior dorsal telencephalon (Dp) (Meek and Nieuwenhuys, 1998 ). While dopamine is well documented as a regulator of reproduction in teleosts by inhibiting gonadotropin release in certain species (Dufour et al., 2005; Zohar et al., 2010) , little is known regarding its function in sexually motivated behaviors as is well defined in rodents (Hull et al., 2004) . However, based on its conserved neuroanatomical distribution and connectivity with brain areas involved in sexual behavior, as well as evidence that pharmacological manipulations of dopamine can affect reward circuitry and motivation (Darland and Dowling, 2001; Lett and Grant, 1989) , it is likely dopamine plays a similarly important role in sexual motivation in fishes.
Monoamines are also documented to regulate neuropeptides in the core of the reproductive axis of the teleost brain. Chronic treatment by fluoxetine, a serotonin reuptake inhibitor, decreases AVT mRNA expression in the POA, as well as aggressive behavior in dominant, courting bluehead wrasse males (Thalassoma bifasciatum) (Semsar and Godwin, 2004) . Fluoxetine treatment of female goldfish dramatically downregulates isotocin (oxytocin homologue) and ERβ1 mRNA in both the hypothalamus and telencephalon and ERα in the telencephalon, and also decreases plasma estradiol levels (Mennigen et al., 2008) . Within the POA, noradrenergic activity increases and serotonergic activity decreases during female to male sex change in the saddleback wrasse, Thalassoma duperrey, changes paralleled within the locus coeruleus and raphe nucleus, respectively (Larson et al., 2003b) . Experimentally increasing norepinephrine levels or decreasing serotonin levels can facilitate sex change, while the inverse treatments inhibit sex change in this species (Larson et al., 2003a) . Investigating dopaminergic and serotonergic systems in fishes in the context of sexual arousal and their interactions with other neuropeptides remains an interesting comparative topic for further study.
The histaminergic system regulates general brain arousal in daily behavior and physiology, including circadian rhythms of locomotor activity, waking, and feeding (Wada et al., 1991) . Since histamines have stimulatory and inhibitory effects on serotonin, noradrenaline, dopamine and acetylcholine in mammals (Schlicker et al., 1994) and have widespread reciprocal connections in teleosts (Kaslin and Panula, 2001 ), these complex interactions provide a rich potential for uncovering brain and sexual arousal in fish and other vertebrates. In addition, orexin (hypocretin) neurons, another hypothalamic peptidergic system involved in arousal states (such as wakefulness), were found in zebrafish to have largely similar projection patterns as mammals, including innervation of striatal (Vd) and septal (Vv) homologues and the periventricular hypothalamus. Additionally, unlike mammals, an orexin-like cell population was found in the magno-and parvocellular POA. Interestingly, orexin-ir fibers also densely innervated diencephalic dopaminergic neurons (thought homologous to the mammalian ascending system) and the serotonin-containing raphe nucleus, and less so the noradrenergic locus coeruleus and histaminergic neurons in the ventrocaudal hypothalamus. Only moderate contacts were made to mesopontine cholinergic neurons, but all the above systems showed evidence of reciprocal connections with orexin-containing neurons in the POA (Kaslin et al., 2004) . These neuroanatomical studies suggest that daily rhythms in general arousal provided by orexin may, in turn, directly activate circuits involved in sexual behavior (e.g., POA; striatal and septal homologues) or indirectly by modulating ascending and descending aminergic systems (Kaslin and Panula, 2001; Kaslin et al., 2004) . A study in goldfish found fewer orexin-ir contacts with aminergiccontaining neurons in the tegmentum compared to that reported in zebrafish (Huesa et al., 2005) ; thus, further studies with other species and localization of orexin on aminergic neurons at the subcellular level may clarify the functional significance of potential interspecific variation. In rodents, there is evidence that orexins may integrate motor activity associated with motivated (reward) behaviors by modulating the ascending dopaminergic system (see Scammell and Saper, 2005) ; future explorations of these interactions in fishes are also potentially fruitful areas for investigation of neuromodulatory mechanisms of sexual motivation.
Steroid hormone receptors in circuits involved in reproductive behavior
It is beyond the scope of the present essay to review the vast literature of activational effects of steroid hormones on reproductive behavior in fishes (for comprehensive reviews see Godwin, 2010; Oliveira and Gonçalves, 2008; Oliveira et al., 2005) . Rather, we provide what is known regarding the distribution of (sex) steroid receptors in the central and peripheral nervous system of teleosts, highlighting areas discussed in the text that are directly linked to reproductive behaviors and/or nuclei that contain ascending arousal pathways. Table 1 shows a comparison of androgen and estrogen receptor expression, steroid-concentrating cells, and the estrogen-synthesizing enzyme aromatase in teleost forebrain nuclei and proposed mammalian homologues if known. Also indicated in the table is expression of steroid receptors in major nodes of the "vertebrate social behavior network" in fishes (i.e., med amygdala/ BnST (Vs); lateral septum (Vv); ventromedial hypothalamus (AT); POA; PAG not listed in Table 1 but see Fig. 4) (Goodson, 2005) . Not surprisingly, like all other vertebrates, receptors for androgens and estrogens are robustly expressed in the POA and hypothalamus in teleosts. Thus, steroid receptors are localized within conserved brain areas that control reproductive behavior and/or contain various modulatory peptides that regulate arousal. Unlike mammals, little is known about progesterone receptor (PR) in brain, or role of progesterone in sexual behavior in fishes, however, as expected, it is robustly expressed in the POA (Hanna et al., 2010; Munchrath and Hofmann, 2010) .
While the importance of gonadal steroids on male and female reproductive behavior is quite variable across teleosts (Borg, 1994; Munakata and Kobayashi, 2010; Oliveira and Gonçalves, 2008) and sexual behavior in some fishes has been demonstrated to be independent of gonadal steroids (Godwin et al., 1996; Kobayashi and Stacey, 1993; Semsar and Godwin, 2003) , the brain as well as the gonads are both likely sources of steroid hormones which modulate the neural circuits controlling reproductive behavior; gonadal steroids also may function, in part, to upregulate neurosteroid production in the brain (e.g., ; see reviews in Diotel et al., 2010; Forlano et al., 2006) . High levels of brain aromatase in teleosts (the highest among all vertebrates) may regulate the ratio of androgens to estrogens that reach behavioral circuits on a rapid or long-term timescale (Forlano et al., 2006; Bass and Forlano, 2008 ; also, see discussion below for vocal fishes). For instance, within minutes to hours after female to male sex change in the bluebanded goby, Lythrypnus dalli, an increase in aggressive behavior and decrease in brain aromatase activity occurs (Black et al., 2005) . In male goldfish, Forlano et al., 2010) . Solid dots represent somata, and lines represent axonal projection pathways. Two connected dots indicate reciprocal connections. Shaded areas indicate localization of steroid hormone receptor mRNA (1, androgen; 2, estrogen alpha), aromatase (3), and neuropeptide innervation (4, arginine vasotocin/isotocin) (see Forlano et al., 2001 Forlano et al., , 2010 Goodson and Bass, 2000b; Goodson et al., 2003) . A: Descending vocal pathways. Preoptic (POA) and hypothalamic ventral (vT) and anterior (AT) tuberal nuclei project to the midbrain periaqueductal gray (PAG) which innervates, in turn, the vocal pattern generator circuit (VPG) in the hindbrain-spinal cord. The VPG consists of vocal prepacemaker (VPP), pacemaker (VPN) and motor (VMN) nuclei. VMN axons exit the brain via occipital nerve roots (likely homologues of hypoglossal) to sound-producing vocal muscle attached to the swim bladder (ventral view) . Also shown is a representative "grunt train" vocalization produced by nest guarding male. B: Central auditory pathways. Vocalizations (e.g., grunt train) are detected by auditory saccule within the inner ear which projects via the VIIIth nerve to auditory nuclei in the hindbrain that innervate the auditory midbrain torus semicircularis (TS). Shown are nuclei interconnected with TS. A dorsal thalamic nucleus (central posterior nucleus, CP) contains reciprocal connections to the telencephalon (dorsomedial/Dm) and ventral supracommissural/Vs) that receives input from anterior hypothalamus-posterior tubercle (for nomenclature see Braford and Northcutt, 1983) . TS and CP also connect to forebrain (anterior hypothalamus, POA) and midbrain (PAG, isthmal/tegmentum) vocal sites, while auditory-recipient hindbrain nuclei connect to the pattern generating VPG circuit (also see Bass et al., 1994; Goodson and Bass, 2002) . See Forlano et al. (2010) for additional background references.
aromatase inhibition blocks the rapid effects of testosterone on visually mediated approach behavior toward females (Lord et al., 2009) . In guppies, Poecilia reticulata, two of three male sexual displays were reduced by aromatase inhibition (Hallgren et al., 2006) , suggesting testosterone aromatization into estradiol facilitates these behaviors. Nesting males of the peacock blenny, Salaria pavo, have higher brain aromatase activity than males that adopt a sneaking reproductive tactic (Goncalves et al., 2008) . Sex differences in aromatase activity or expression in various brain regions including the POA of teleosts is found in several species (reviewed in Forlano et al., 2006; Goncalves et al., 2010; Goncalves et al., 2008) , and thus similar levels of circulating testosterone between sexes could be seen very differently in brain areas where androgen metabolism is sexually dimorphic. It is interesting to note that while the vast majority of teleost fishes reproduce by external fertilization and estrogen does not appear necessary for female sexual behavior (Munakata and Kobayashi, 2010) , guppies are internal fertilizers, and like mammals, female receptivity is regulated by estradiol (Liley, 1972) . Although most female teleosts have low circulating estradiol levels during the spawning period (see Sisneros et al., 2004b and review within), the production of estrogen within the brain itself may still be high and important in regulating female sexual behavior in some species.
Brain arousal and reproductive behavior in vocal fishes
Vocal teleost fish species have a long history as models for studying the neural basis of behavior due to their simple, stereotyped, and easily quantified behaviors that are controlled by a discrete population of neurons whose anatomical and physiological properties are well defined (Bass and Zakon, 2005) . These fish have also provided excellent models to study how steroids and neuropeptides rapidly modulate plasticity in neural circuits controlling behavior (Bass and Remage-Healey, 2008; Goodson and Bass, 2000a) . In species such as the midshipman fish (Porichthys notatus), where the production and perception of sound is essential for reproduction (Bass and McKibben, 2003) , we can ask questions regarding the arousal of sexual motivation at the level of both vocal and auditory circuits, in the male and female, respectively. Although many teleosts use sound communication for courtship and aggressive interactions (e.g., Ladich et al., 2006; Santangelo and Bass, 2006; Simoes et al., 2008) , little is known regarding the neural pathways and mechanisms of sound production (and reception) outside of the toadfish family (Batrachoididae) that includes midshipman.
Behavioral and neurophysiological studies demonstrate the extreme seasonal and daily rhythms of brain arousal related to social vocal communication in midshipman fish, mechanisms that are potently influenced by both peptidergic and steroid hormones. Although not as well studied compared to hormone-driven male courtship behaviors in fishes, examples where females actively seek out and choose a male mate are good models for identifying brainbehavioral neuroendocrinological mechanisms underlying brain arousal and the motivation to reproduce. Midshipman females use the advertisement calls of males to find their nest sites during the late spring-summer breeding season (Brantley and Bass, 1994; McKibben and Bass, 1998) . Underwater playbacks show that females distinguish between calls based on their frequency, duration, amplitude and patterns of amplitude modulation Bass, 1998, 2001) , traits encoded by central auditory pathways (see Bass and McKibben, 2003) . Only females filled with mature eggs (i.e., gravid) show a positive phonotactic response to advertisement calls. Once females release all of their eggs, they leave the nest and males remain to guard developing embryos/ larvae (Brantley and Bass, 1994) ; they also no longer respond to playbacks of advertisement calls (McKibben and Bass, 1998) . Female phonotaxis behavior, a directed motor response stimulated by a single sensory modality, is an unambiguous proxy for high sexual arousal in this species. The apparent loss of any motivation by previously gravid females to attend to advertisement calls led to studies of shifts in auditory sensitivity that might be linked to this dramatic behavioral change. Subsequent investigations showed seasonal and steroid-dependent enhancement in the ability of the peripheral auditory system to encode the frequency content of the advertisement call (Sisneros, 2009; Sisneros and Bass, 2003; Sisneros et al., 2004a) . While this mechanism can account for seasonal changes in auditory encoding ability that parallel changes in circulating steroid levels (i.e., steroids "prime" the auditory system to encode advertisement calls), the neural mechanisms leading to the sudden change in female phonotaxis remain to be shown. The steroid dependent plasticity of auditory encoding is a specific example of estrogen-induced peripheral nervous system arousal (Lee and Pfaff, 2008 ) that might be analogous to estrogen-dependent enlarging of the genitosensory field of tactile receptors in rodents (Bereiter and Barker, 1980) .
Midshipman fish have two male reproductive morphs; type I, territorial/nesting males acoustically court females while type II, sneak/satellite spawning males steal fertilizations from the type I males during spawning behaviors (Brantley and Bass, 1994) . Type I and II males diverge in a large suite of somatic, neural and neuroendocrine traits (for recent reviews see Bass and Forlano, 2008; Bass and Grober, 2009; Bass and Remage-Healey, 2008) . The sensitivity of the central vocal circuit to the nonapeptides AVT/IT and steroids (androgens and glucocorticoids) shows both sex and male morph-specific variation (Goodson and Bass, 2000a; Bass, 2004, 2007) . The steroid phenotype parallels morph-specific patterns in circulating levels of androgens and estrogen (RemageHealey and . A series of field studies of the closely related toadfish (Opsanus beta) show how rapid shifts in circulating androgen levels can account for similarly rapid changes in nesting male calling behavior in response to behavioral playbacks of conspecific calls (Remage-Healey and . The most recent neurophysiological studies show a nocturnal, reproductive dependence in the ability of the central vocal network to generate long duration advertisement and aggressive calls that only type I males generate during the breeding season (Rubow and Bass, 2009) . A potential modulatory role of peptidergic and steroid hormones on these events, in this case on a daily basis, seems likely given the above studies.
Together, the above studies show how both peptides and steroids have powerful modulatory influence over both vocal and auditory mechanisms in toadfishes. Goodson and Bass (2002) outlined major nodes of interface between the vocal-auditory network and the neuroendocrine axis, largely focusing on the projections of POAnonapeptide containing neurons (also see Goodson et al., 2003) . The integration of more recent studies showing the central expression pattern of aromatase as well as estrogen and androgen receptors ( Fig. 4; Table 1 ) now reveals patterns of both peptidergic and steroid receptor containing systems that are conserved across the major vertebrate lineages and, more specifically, have co-evolved with vocal-acoustic networks. Fig. 4 shows steroid receptors, aromatase and AVT/IT in vocal and auditory circuits in the midshipman brain. With these maps in place, neurophysiological studies can now more fully explore how neuroendocrine signaling pathways modulate vocal-auditory neuronal integration that leads to changes in brain arousal levels related specifically to vocal-acoustic behaviors and more generally to seasonal patterns of reproduction.
Neural substrates for sexual arousal and reproductive behavior in elasmobranch fishes
Elasmobranch fishes are an important group for comparative and evolutionary studies, as they belong to the oldest lineage of extant jawed vertebrates (Chondrichthyes, see Fig. 1 ), and serve as an outgroup to bony vertebrates (actinopterygians and tetrapods) and may therefore provide further insights into the ancestral vertebrate condition in brain and behavior. In many respects, their reproductive physiology (Maruska and Gelsleichter, 2010) and, in some cases, chemical neuroanatomy (below) is more similar to mammals than to the more recently derived teleosts. Out of the almost 30,000 species of teleosts, only a very small percentage exhibit internal fertilization (i.e., the Poecilid family: guppies, swordtails and platyfish) (Nelson, 2006) . In contrast, all chondrichthyans have intromittent copulatory organs (claspers) derived from the medial section of each pelvic fin used for internal fertilization (Pratt and Carrier, 2001) . Out of the approximate 940 species of elasmobranchs (Nelson, 2006) , the modes of reproduction are quite diverse: the majority of taxa (70% of sharks and all rays) are viviparous (livebearers) often with long gestation periods where embryos receive placental or aplacental (e.g. yolk) nourishment, to oviparous (egg laying) skates (Rajiformes), and some small bodied sharks (Wourms and Demski, 1993) . Documented reproductive behaviors in this group include complex interactions such as the establishment of dominance hierarchies, group mating, and even cooperative breeding Carrier, 2001, 2005) .
Interesting comparative questions arise when one asks how might the mode of the act of reproduction (internal vs. external fertilization) and its evolutionary adaptations shape the neuroendocrine control of reproductive behavior across vertebrates. For instance, are mechanisms underlying sexual physiology and arousal in sharks and guppies more similar to each other and rodents than either are to other teleosts? While some studies in elasmobranchs correlate circulating steroid hormones with reproductive state, few have investigated hormonal and neural mechanisms that directly control reproductive behavior. We summarize below some research on stingrays that approaches this subject of sexual arousal from a behavioral, neuroecological perspective. For a recent comprehensive review on chondrichthyan hormones and reproduction, see Maruska and Gelsleichter (2010) .
Unlike some male teleosts which employ dramatic color change, intricate swimming displays and acoustic signals to court females, the precopulatory behaviors of elasmobranch males include following, nosing, and aggressive tactile assaults on the female, in the form of biting, and oral grasping (reviewed in Pratt and Carrier, 2001) , which was proposed as a releasing mechanism to facilitate female cooperation in mating (Springer, 1960) . Elevated circulating androgens (namely testosterone and dihydrotestosterone) are thought to drive aggressive courtship behavior in some species (Rasmussen et al., 1999; Tricas et al., 2000) . The resulting wounds that appear on the female skin are a reliable indicator of reproductive activity (Kajiura et al., 2000) . Thus, for successful copulation, males must be highly motivated to seek out females (populations are often sexually segregated) and physically stimulate her to receptivity, generally by gripping the female pectoral fin in its jaws; receptive females may arch their back, flare or cup their pelvic fins to expose their cloaca to allow insertion of the clasper for fertilization Carrier, 2001, 2005) . However, females are often not receptive to the male's advances and are instead highly motivated to avoid copulation by struggling free, shielding their cloaca against the substrate, or fleeing to areas not conducive to mating (shallow water) Carrier, 2001, 2005) . This type of behavior suggests female mate choice and assessment via strong somatosensory stimuli (see below).
Some female elasmobranchs may have a more active role in precopulatory behavior, as documented in skates, where females display back arching and pectoral fin undulations to attract males (Luer and Gilbert, 1985) . Based on the observation that males of some shark species follow females closely prior to copulation, pheromones are hypothesized to play a role in stimulating mating behavior (Demski, 1990; Heuter et al., 2004; Johnson and Nelson, 1978) ; however, at this time, there are no experimental data to support this. An elegant set of field experiments demonstrated that male round stingrays, Urolophus halleri, utilize electroreception to precisely orient and pinpoint buried females for mating during the reproductive season (Tricas et al., 1995) . In an analogous example to the seasonal plasticity and hormone regulation of the female midshipman peripheral auditory system, the frequency tuning of electroreceptors in male Atlantic stingrays, Dasyatis sabina, changes with the natural cycling of circulating androgens and can be induced by experimentally increasing levels of serum dihydrotestosterone (Sisneros and Tricas, 2000) . The significance of this change in frequency tuning is that this sensory modality becomes optimized to detect the natural bioelectric field of the female (Sisneros and Tricas, 2000; see Bass and Zakon, 2005 for recent review of comparable steroid-dependent, electrosensory-motor coupling mechanisms among teleosts). Unreceptive female round stingrays also use electroreception to find each other, as they are found buried in groups for refuge late in the mating season (Sisneros and Tricas, 2002; Tricas et al., 1995) . These studies and those in midshipman exemplify striking examples of adaptive coordination of natural seasonal changes in reproductive steroid hormones that optimize sensory responsiveness to locate mates.
Atlantic stingrays are documented to have the longest continuous mating season (8-9 months) of any elasmobranch (Kajiura et al., 2000; Maruska et al., 1996; Snelson et al., 1988) ; ovulation and fertilization occur at least 7 months after mating begins. Mating for long periods without fertilization may function to stimulate ova development in this species (Maruska et al., 1996) . The results parallel studies in mammals that indicate copulatory activity is necessary in some species for triggering ovulation or stimulating neuroendocrine regulation of reproductive behavior such as estrogen-dependent release of oxytocin in spinal cord (Komisaruk and Steinman, 1986; Sansone et al., 2002) . Kajiura et al. (2000) proposed that stimulation of cutaneous receptors by male biting and grasping may trigger reproductive induction in females. Dermal thickness, which does not vary seasonally, is 50% greater in females, and may protect them from serious injury during the reproductive season (Kajiura et al., 2000) . In addition, female stingrays have a lower density of free nerve endings within the dermis on the disc margin where the greatest proportion of bite wounds is located. These receptors, which may encode mechanical stimuli are well positioned to transmit information to assess mate quality (e.g., size and strength of bite) (Callahan et al., 1999) . Whether this sexual dimorphism is dependent on sex differences in steroid hormone levels, or the sensitivity of these receptors peak with serum estrogen levels around the time of ovulation , are interesting questions for future investigations that may reveal parallels with estrogen modulation of the somatosensory-induced lordosis behavior (Kow et al., 1979; Pfaff et al., 1977) or enlargement of mechanoreceptive sensory fields in female rodents (Bereiter and Barker, 1980) . Ascending projection systems are remarkably conserved between elasmobranchs and other vertebrates (Cruce et al., 1999; Ebbesson and Hodde, 1981; Sneddon, 2004) , including abundance of the natural opioid, enkephalin (Snow et al., 1996; Stuesse et al., 1991a,b) , and serotonergic (Carrera et al., 2008; Ritchie et al., 1983; Stuesse and Cruce, 1992; Stuesse et al., 1995) , catecholaminergic (Meredith and Smeets, 1987; Stuesse and Cruce, 1992; Stuesse et al., 1990) and cholinergic neuronal groups . As mentioned previously, elasmobranchs exhibit an ascending dopaminergic system consistent with tetrapods that includes a ventral tegmental (A9-A10) dopaminergic cell population (unlike teleosts) (Meredith and Smeets, 1987; reviewed in Smeets and Gonzalez, 2000) . While elasmobranchs, teleosts and tetrapods contain catecholaminergic cell groups in the POA and anterior hypothalamus, elasmobranchs are again similar to mammals (and different from teleosts) with the absence of catecholaminergic neurons in the pretectum and presence in the habenula and cortical equivalent groups (reviewed in Smeets and Gonzalez, 2000) . Furthermore, a comparison of cholinergic cell groups across vertebrates revealed patterns of highly conserved cell groups in the habenulointerpeduncular system, cranial and spinal motor nuclei, magnocellular preoptic area or supraoptic nucleus in all vertebrates, but distribution in the olfactory bulb/tubercle pallium/cortex and octaval nuclei are all found in an elasmobranch and mammals but not teleosts (reviewed in Rodriguez-Moldes et al., 2002b) . Unfortunately, these comparisons are based on a single species of elasmobranch, Scyliorhynus canicula, so further comparisons with other species would be necessary to support this pattern. In addition, histamines are present in the brain of all vertebrate groups, and the spiny dogfish, Squalus acanthias, was found to have highest levels of histamines in the midbrain, similar to mammals (Almeida and Beaven, 1981) .
Like other vertebrate groups, elasmobranchs contain GnRH neural populations in the POA and basal forebrain, the terminal nerve ganglia, and the midbrain tegmentum (Demski et al., 1997; Sherwood and Lovejoy, 1993) . GnRH neurons in the POA of elasmobranchs have neither a direct neural connection, nor a blood portal system to reach the region of the pituitary where gonadotropins are released to induce steroidogenesis in the gonad (Dodd et al., 1983) . Instead, there is anatomical and physiological evidence for GnRH release from the TN into the general circulation or the cerebrospinal fluid (Demski et al., 1997; Demski et al., 1987; Moeller and Meredith, 1998) . The terminal nerve in elasmobranchs consists of several ganglia that are distinct from but proximal to the olfactory tract and bulb, have direct projections to the retina, and are a major source of GnRH throughout the forebrain. Thus, TN GnRH is anatomically positioned to modulate and/or integrate sensory cues with reproductive centers of the brain such as the POA and basal forebrain (Demski et al., 1997; Forlano et al., 2000) . The most ancestral and evolutionarily conserved GnRH2 form found in the midbrain tegmentum in all jawed vertebrate groups comprises a much greater population of neurons in elasmobranchs compared to teleosts, although its function remains speculative (Forlano et al., 2000; Maruska and Gelsleichter, 2010) . In the Atlantic stingray, projections from this large cell population innervate the hindbrain electrosensory nucleus and therefore may serve as a central modulator of sensory systems used for mate localization described above (Forlano et al., 2000) . Descending projections to motor centers in the spinal cord may also function to control locomotor activity and/ or clasper movements (Forlano et al., 2000; Wright and Demski, 1991) . Mandado et al. (2001) demonstrated a pineal connection to the midbrain GnRH population which could synchronize GnRH activity with photoperiod and thus seasonal reproductive behaviors.
Neuroanatomical steroid receptor expression is limited to one of estrogen concentrating neurons in POA-hypothalamic regions (Jenkins et al., 1980) . Like mammals, they express a single aromatase gene (teleosts have two) and adults have low relative brain aromatase activity compared to teleosts (Callard, 1984; Ijiri et al., 2000) . Teleosts express brain aromatase mRNA and protein in glial cells, whereas mammalian brain aromatase is predominantly neuronal (reviewed in Diotel et al., 2010; Forlano et al., 2006) , and therefore one might predict largely neuronal expression of aromatase in elasmobranchs. Elevated levels of brain aromatase in teleosts may be a derived character related to the unusually high plasticity and diversity of sexual behaviors and phenotypes in teleosts (see Forlano et al., 2006; Godwin, 2010 ) not evident in elasmobranchs, which appear more similar to mammals in mechanisms of sexual differentiation (Maruska and Gelsleichter, 2010) .
Concluding comments
Interdisciplinary approaches combining behavioral endocrinology with molecular neuroanatomy (location and abundance of steroid synthesizing enzymes and receptors, peptidergic pathways) and neurophysiology have established both teleosts and elasmobranch fishes as powerful model systems to investigate cellular mechanisms of brain arousal, especially in the context of reproduction. The output of a highly conserved core-paracore region, inclusive of the POAanterior hypothalamus and brainstem cell groups giving rise to ascending arousal pathways, is integrated with sensory (e.g., olfactory, auditory, electrogenic) and motor systems that directly mediate the effects of biotic (conspecific) and non-biotic (the physical environment) stimuli on ongoing behaviors. To date, these mechanisms have been most widely studied in teleost fishes, the largest group of living vertebrates that display a remarkable range of reproductive tactics and plasticity of sexual phenotypes (e.g., environmental sex determination, adult sex change, alternative male reproductive morphs). Elasmobranch fishes, by virtue of their remarkable similarities to mammals and differences to teleosts in reproductive physiology and behavior (e.g., somatosensory stimulation, internal fertilization), circulating steroids (e.g., dihydrotestosterone) and brain neurochemistry (e.g., low brain aromatase), represent a promising new model to further investigate the evolution of hormonal and neural control of sexual arousal in vertebrates.
